Chiral phosphonite ligands (S,R b )-5a, (S,S b )-5b, (R,R b )-6a and (R,S b )-6b are introduced, comprising a MOP-type backbone with a binol-based binaphthyl group bound to the phosphorus. Their reaction with [Pd(η 3 -C 4 H 7 )Cl] 2 affords η 3 -methallylpalladium chloride complexes 7a/b and 8a/b which have been isolated and structurally characterised. Solid-state and solution studies indicate subtle differences in their coordination behaviour, which ultimately affects their efficacy in the asymmetric hydrosilylation of styrene.
Introduction
Chiral monophosphorus ligands have attracted considerable attention as their transition metal complexes have been found to be valuable catalysts in a variety of organic transformations. Primary phosphines have a reputation for being difficult compounds to work with owing to their perceived high reactivity towards oxygen. 5 Hence, they are somewhat under-represented as synthons in synthetic chemistry, despite the two P-H bonds being easily functionalised. A few examples of user-friendly, airstable primary phosphines have however been reported, 6 and we were the first to describe enantiopure analogues; 7 we subsequently published a DFT-based model to help rationalise this stability. 8 We also recently described how air-stable, chiral primary phosphines (S)-1 and (R)-2 could form novel phosphiranes with unusually high oxidative and thermal stability. 9 We were therefore keen to establish whether we could transform (S)-1 and (R)-2 into their dichlorophosphines, and ultimately access MOP/XuPhos-type hybrids (Chart 1), or whether their resistance to oxidation would render them unreactive to halogen sources. This work focuses on the synthesis and characterisation of a novel MOP-phosphonite ligand class. The coordination chemistry of their methallylpalladium complexes is described and we have therefore investigated their potential as asymmetric ligands in the catalytic hydrosilylation of styrene.
Results and discussion
Four MOP-phosphonite ligand derivatives have each been synthesised in a straightforward two-step, one-pot reaction approach. The ligands differ in the substituent on the 2′-position of the MOP-backbone (H or OMe) and in the stereochemistry of the affiliated hydroxyl compound ((R)-or (S)-binol). By comparing the two pairs of diastereomeric compounds with each other, we were able to elucidate the effect of the second stereocentre.
Following the synthetic method of Weferling . Notably, all the ligands could conveniently be handled in air; in common reagent grade solvents no hydrolysis products were found after 24 h.
In all four complexes the X-ray crystal structure reveals the methyl group on the allyl fragment points towards the binol component of the ligand (see Fig. 1-4) . The torsion angles of the two binaphthyl fragments present are significantly different from each other. The unstrained MOP portion preserves an almost right angle while the torsion of the binol moiety is enforced by the bonding of both oxygen atoms to the phosphorus, and thus appears acutely angled. The ligands coordinate via the phosphorus donor atom in an expected monodentate manner to form a pseudo-square-planar configuration around the palladium. Pd-P bond lengths are similar in all complexes (2.2354(7) to 2.2542 (8) Å) and are found to be shorter than for the two MOP-phosphine allylpalladium complexes previously reported (2.3098 (9) and 2.328(1) Å); 13 however, shortened Pd-P bond lengths are anticipated for phosphonite complexes due to their stronger π-acceptor character.
14 Pd-C bond lengths show the dominant trans effect of the P-ligand relative to the chloride; the bonds trans to the phosphorus are about 0.1 Å longer compared to the bonds in the cis position. In all complexes the position of the palladium centre is face-to-face with the lower naphthyl moiety of the MOP fragment of the ligand. However, the exact position of the methallylpalladium moiety is somewhat diverse. When the phosphonite consists of a (R)-binol fragment (7a/8a), the palladium is situated towards the back of the lower napthyl ring ( Fig. 1 and Fig. 3) ; in 7b/8b, as a consequence of the opposite binol stereochemistry, the metal is instead located above the front of this group (Fig. 2 and Fig. 4 ). The distance of the palladium atom from the naphthyl group ranges from 3.0653(1) Å in 7a to 3.4458(1) in 8b. Scheme 2 The synthesis of the complexes 7a, 7b, 8a and 8b. The NMR spectra of complexes 7a and 8a show the presence of two isomers in a 97/3 and 93/7 ratio, respectively, which can be rationalised by a rotation of the allyl moiety. NOE contacts between each pair of syn and anti protons and between the syn allyl protons and the central methyl group, in addition to allyl proton-phosphorus coupling, allowed for a complete NMR assignment of the allyl signals (Table S2 †) . The protons trans to the phosphorus ligand are deshielded and show coupling with 31 P whereas the cis protons are observed as singlets at higher field. 15 The 13 C chemical shifts for the atoms in terminal allyl positions are consistent with those reported for similar complexes: 16 77-79 ppm ( 2 J CP ≈ 46 Hz) for the allyl carbons trans to the P-donor, and 56-59 ppm ( 2 J CP ≈ 5 Hz) for the cis allyl carbons. The phase-sensitive NOESY spectrum of 8a shows exchange peaks due to interconversion of the two isomers (see Fig. S2 †). Quantitative analysis of the peak integrals yielded exchange rate constant values of k AB ≈ 0.12 s −1 and k BA ≈ 1.5 s −1 at room temperature. The selective syn/anti exchange of the allyl protons cis to the phosphorus is caused by the well-known η 3 -η 1 -η 3 mechanism (Scheme 3); the protons in the trans position exchange syn/syn and anti/anti, while the cis protons exchange syn/anti due to the selective opening of the allyl ligand. 16, 17 The selectivity of the process is due to the stronger trans effect of the P-donor ligand compared to the chloro ligand. An apparent allyl rotation mechanism which is often observed in N-donor ligands requires a syn/ syn and anti/anti exchange for both cis and trans allyl protons and can be ruled out here. 18 Note that conversely for complexes 7b and 8b, we observe only a single isomer in each case.
MOP ligands can display unexpected bonding characteristics upon metal complexation, using their aromatic backbone to coordinate to a vacant metal site, as shown by several groups who observed binding in a chelating P,C-σ-donor or P,C-π-olefin bidentate fashion.
13b, 16, 19, 20 When the chloride counterions of complexes 8a and 8b were exchanged for the non-coordinating BArF anion to give complexes 9a and 9b, the C1′ carbon shifted by −14.3 (9a) or −15.6/−14.5 ppm (for the two isomers of 9b) to lower frequency compared to the free ligand, indicative of greater sp 3 character. The chemical shift of the C2′ carbon remains almost unchanged (Table 1) .
In agreement with studies made by Pregosin and co-workers 20b we therefore propose a weak η 1 binding mode of the lower naphthyl ring via the C-1′ carbon (Fig. 5, left) . The downfield shifts of 3.8 ppm in 9a and 4.2/3.6 ppm in 9b for the C-4′ carbon also suggests it carries some of the associated positive charge of the cation, again matching the aforementioned work. A section of the 13 C-1 H HMBC spectrum of 9b showing the indirect resonances of the C1′ and C2′ carbons is given (Fig. 5,  right) .
The catalytic activity of the newly prepared ligands was tested in the asymmetric hydrosilylation of styrene. 21 The catalysts were generated in situ from allylpalladium chloride dimer and the appropriate phosphonite. We chose a ligand to palladium ratio of 1 : 1 to form the catalyst precursors as the methallylpalladium complexes 7a/b and 8a/b had been obtained in this way (vide supra). We found that the activity of the catalyst was predominantly dependent on the substituent in the 2′-position of the Scheme 3 Syn/anti exchange mechanism in allyl palladium complexes. Table 2 ). In contrast, the selectivity was mostly determined by the configuration of the adherent binol group. Enantioselectivities of 80 and 79% were achieved with the (S)-binol derivatives 5b and 6b, while (R)-binol compounds 5a and 6a gave lower ee values. In previous studies H-MOP ligands have been found to be more selective in this transformation than their OMe-MOP counterparts, 2a hence our results for 5a (H-MOP derivative, low ee) and 6b (OMe-MOP derivative, high ee) were somewhat surprising. Solid-state analysis of an H-MOP allylpalladium phosphine complex, 13b found to be very selective in the same catalytic reaction, 22 shows a similar P/Pd environment to that found in the H-MOP complex 7b. In contrast, the palladium atom in 7a is located more towards the back of the lower naphthyl ring. Thus the subtle differences in the position of the palladium atom relative to the MOP fragment in the catalytically active species could be crucial in determining the reaction enantioselectivity, again emphasising that we are comparing pairs of diastereomers in this study; an examination of the wider implications of these results is now underway.
Conclusions
In summary, we have demonstrated that the air-stable primary phosphines (S)-1 and (R)-2 readily form their dichlorophosphine counterparts, which react as electrophiles with enantiopure binol to give novel chiral phosphonites. We have characterised each ligand as its methallylpalladium complex by NMR and X-ray crystallography, which together with detailed NMR experiments on related cationic complexes indicate the subtly different metal environment in each case and the P,C ligation of 9a/b. In the hydrosilylation of styrene, enantioselectivities of 80% were achieved in reactions that have not yet been optimised.
Experimental General
All air-and/or water-sensitive reactions were performed under an N 2 atmosphere using standard Schlenk line techniques. THF and CH 2 Cl 2 were dried over Na/benzophenone and CaH 2 respectively, and distilled prior to use. Toluene (Acros) was purchased in an anhydrous state and stored over molecular sieves. The preparations of (S)-1 and (R)-2 were carried out using literature procedures. 7 All other chemicals were used as received without further purification. Flash chromatography was performed on silica gel from Fluorochem (silica gel, 40-63u, 60A, LC301 Fig. S1 †. Full range NOESY spectra were acquired with 512 × 1024 data points and a spectral width of 9.0 ppm; mixing times were chosen between 10 and 500 ms. For the measurement of exchange rate constants in 8a, the proton resonances of the methoxy group were used. Peak volumes were determined manually from the NOESY spectrum using MestReNova 6, and the rate constants were calculated with an estimated error of 10% using EXSYCalc. 24 Mass spectrometry was carried out by the EPSRC National Mass Spectrometry Service Centre, Swansea. Analytical high performance liquid chromatography (HPLC) was performed on a Varian Pro Star HPLC equipped with a variable wavelength detector. Asymmetric palladium-catalyzed hydrosilylation of styrene
Synthesis of (S,
[Pd(η 3 -C 3 H 4 )Cl] 2 (4.6 mg, 0.0125 mmol, 0.125 mol%), ligand (0.25 mol%) and styrene (1.2 mL, 1.0 g, 10.0 mmol) were stirred at room temperature for 20 min. Trichlorosilane (1.2 mL, 1.6 g, 12.0 mmol) was added and the reaction was stirred at room temperature for the appropriate time. The conversion of the reaction was followed by 1 H NMR spectroscopy. The product was purified by Kugelrohr distillation (reduced pressure, 150°C).
Trichloro(1-phenylethyl)silane (400 mg, 1.67 mmol) was dissolved in MeOH (30 mL) and THF (30 mL). K 2 CO 3 (1.40 g, 10.1 mmol), KF (600 mg, 10.3 mmol) and 35% H 2 O 2 (1.8 mL) were added subsequently and left to stir overnight. The solution was filtered, water was added and the product was extracted with diethyl ether three times. The combined organic washings were dried over MgSO 4 and the crude product was purified by column chromatography on silica (hexane/ethyl acetate, 4 : 1, R f = 0.20). The enantiomeric excess was measured by chiral HPLC (Column Daicel Chiralcel OD; flow rate: 0.5 mL min −1 ; hexane/ 2-propanol, 95 : 5; retention times: (R) t 1 = 19.3 min, (S) t 2 = 22.3 min). The absolute configuration was assigned by comparing the retention times to literature data. 23 
